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ABSTRACT

A computer model is developed for simulation of two acoustic
signal processors: the real time processor (RTP) and the frequency
domain processor (FFT).

Simulations are performed to assess the relative merits of the
two processor techniques and comparisons of the possible performance

of the two systems are presented.
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COMPARISON OF REAL TIME AND FFT PROCESSING

ALGORITHMS FOR ACOUSTIC DATA

1.0 SUMMARY

Use of acoustic sigrals emanating from possible targets as a
source- for detection, location and tracking to these targets is of
interest to the army RPV program.

Acoustic signals generated by the type of targets usually sought
generally reside in the low audio frequency range. The ambient noise
background is often considerable in this frequency range and it is
necessary to provide a somewhat sophisticated algorithm for processing
the acoustic signals.

Algorithms for processing these signals and determining the
relative bearing of the targets have been developed through previous
efforts at other agencies. These algorithms generally may be classi-
fied as one of two basic methods: Real Time processing and Frequency
Spectrum Processing (generally a Fast Fourier Transform (FFT) applica-
tion).

Although the FFT processing techniques have held the advantage
until recently in so far as accuracy is concerned, recent state-of-
the advances in software processing and integrated circuit chips
(IC's) lead one to believe that a Real Time processing (RTP) algorithm
for accuracy and at the same time update data faster than the FFT
algorithm. Furthermore the RTP algorithm generally requires conside-

rably less hardware than the FFT algorithms.
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This report documents an investigative study of the two basic
algorithms, RTP and FFT, and presents the results of a computer
simulation study of their relative performance.

Under some circumstances the RTP is far superior; for instance
in the situation where the signal frequency varies, such as an engine
changing speeds. Both algorithms suffer inaccuracies for target angles
off the end of the array (small angles) but this presents no real
problems for a tracking application since the target will be kept in
a broadside situation to the array (large angles) by the tracker.

In general it is concluded that a RTP algorithm is a very meri-
table approach and should be realized in a hardware prototype form to
use in comparitive studies with an FFT algorithm hardware prototype.

This research work funded a graduate student working towards an
MSEE degree and a paper describing the results of this research is
being prepared for publication and presentation.

Much appreciation is expressed to Captain H. Norckauer, Richard
Currie and Steve Golden of the Advanced Sensors Directorate (IR Branch)

at Redstone Arsenal for their interest and suggestions.




2.0 INTRODUCTION

Acoustic signals emanating from targets such as tanks have been
studied and their characteristics noted for use in detecting and
tracking devices. One characteristic assumed for far field distances
is the shape of the acoustic wavefront as it propagates outward. The
wavefront is assumed to be planer, that is it is assumed to be an
infinite plane wave (or a spherical wavefront of infinite radius).
Thus the normal vector to the wavefront points to the source of the
wavefront, which is assumed to be the target location. This normal
vector describes an angle with respect to the axis of a two microphone
array which may be determined by measuring the phase difference of the
waveform as it crosses the two microphones.

The angle desired is 6, illustrated in figure 1. This angle can
be derived by several methods. If either real time waveforms or FFT
algorithms are utilized and a periodic source assumed, then the angle

is found by noting that

ol

cos 6 =

where: d = the array spacing
and h = 1 Vsd

with Vg4 the velocity of sound and T the time difference in arrival

of wavefront at microphones 1 and 2 and

lsllfteg.l
i (360°)  °
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» To target

Mike 2 ./

/.Acoustic wavefront

Wavefront travels at velocity ~ 1100FT/SEC

0 = Microphones

t = time to travel distance h at 1100 ft/sec = B
1100
L o _E = h X 360°
¢ Shift from Mike 1 to Mike 2 360° x T —__1100('!) 1r

T = Period of the frequency components of acoustic wavefront
(assumed to be ~ 100 Hz .« T ~ .01 sec.)

=3 EL -1| ¢ Shift x 1100 x T
6 = Target Angle [ cos Z % 360

Example: If ¢ Shift is calculated to be 100.28218° for 100 Hertz

component with d = 4 feet for mike spacing, Then:

-

0 -1 100.28218 x 1100 x .01 = 40.000°

- cos
4 x 360

Figure 1. Two Microphone Acoustic Array
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where 1 is the phase difference of the waveforms at 1 and 2, and

freq. is the frequency of the waveform. Thus

ﬂ(l/freq.)vsd
1 = cos __—_373367—-

inaccuracies arise from the following assumptions:

A. The acoustic wavefront is assumed to be a plane wave over a
distance of a wavelength and to have a normal vector which passes
through the centroid of the sound source and through the center of
the microphone pair.

B. The acoustic wavefront is assumed to be a periodic single
frequency wavefront. (Note the use of the frequency assumed in the
equation for 8 .)

C. The velocity of sound is assumed to be constant and known so
that the distance, d, represents a certain percentage of the wave-
length.

Items of Note:

(1) The spacing of the array is assumed to be such that no more
than 180° phase shift will occur when the wavefront passes the array.
Otherwise the array cannot differentiate which hemisphere the sound
originates from with respect to & line drawn perpendicular to the
line containing the two microphones. Thus the array spacing is
determined in part by the highest frequency one expects to detect.

(2) A second array is necessary to determine which quadrant the
sound originates from since a single two-microphone array does not

determine the Quadrant.




s = T

It is feasible to determine the velocity of sound across the array

by measuring the actual temperature as the phase is being measured,

Item C. This point, incidentally, is a problem for both real time
systems and for FFT systems. Measurement of the temperature at the J
array center provides sufficient correction for the calculation of the
angle and it is noteworthy to mention that it is not necessary to

determine the temperature along the path between the source and the J

detector since the velocity of the waveform is incidental to the calcu-

lations except during the time of travel from the first microphone in

the array to the last microphone in the array. The assumption that
the velocity of the wavefront is constant is valid since the array
size is small and we are interested again in the velocity only as the
wavefront crosses the array.

Both the real time and the FFT processors will suffer inaccuracies
due to non-periodic components of the input, Item B. 1In the FFT pro-
cessor, however, the noise and the varying spectral content of the
signal are treated as periodic signals over each sampling period. As
a result, these variations are averaged out to some extent and the
spectral content of the target is enhanced with respect to the noise
background.

The real time processor does not inherently average over any
period and as a result the continuous output of phase difference infor-
mation varies considerably due to noise and spectral variation of the
signal. In a real time processor as designed by this author, however,
the filter bandwidth may be considerably smaller than that of the FFT

processor which does tend to reduce the noise effects considerably.




It is also beneficial to devise some sort of averaging scheme to use
with the real time processor to improve the accuracy and to further
reduce the effects of noise.

The following describes a software approach (now feasible with
LSI and microprocessor technology) which provides an "averaging" effect
for a real time process while allowing faster processing time than an
FFT process.

The frequencies of interest are typically in the range of 100
Hertz. Using real time waveforms and a phase locked loop phase com-
parator the phase angle may be measured directly. It is proposed to
sample the phase at certain intervals, say, .05-second intervals for
ten samples. Let each phase sample be compared to the previous and if
it agrees with another sample within, say, ten degrees, average the
two and store. If it does not agree, store for further comparison as
the possible target but with low priority. In this manner, the ten
sample processor will discard large errors and average the small errors.
After ten samples are used, an updating may be accomplished by simply
keeping a running average and discarding the earliest data sample.

While it is true that this procedure will tend to average out valid
target angle changes in .5 second intervals, the error at one mile would
be 1.09° at the worst case and for shorter ranges should decrease since
the bearing change would be kept relatively small by the tracking system.

A second and major problem arises when the target is an
engine which is changing speed. This generates a signal which is
changing in frequency. The FFT processor which uses long time averaging
(from 0.5 gecond to 2.0 second intervals) will detect this type of

signal as energy existing over a wide frequency'spectrum and will

e s S
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exhibit large errors in the angular calculations of such a target.

On the other hand, the real time processor uses very short
looking intervals and does not see appreciable frequency change. This
results in fairly accurate angular calculations especially for angles
around the null zone (6 = 90°).

Results are presented which illustrate very nicely the ability
€ the real time processor to handle this situation and the inability
of the FFT processor to deal with this problem.

One possible solution for the FFT processor to deal with this is

to use a frequency tracking filter but this significantly adds to the
cost and complexity of the system and has not been investigated to
determine any benefits in performance.

Assumption that the normal vector to the acoustic wavefront passes 1
through the centroid of the sound source, Item A, is not necessarily a
valid assumption. Ripples in the wavefront, tilt due to propagation

effects, multipath reception all combine to create errors in the normal

vector pointing direction. These errors, however, are typically small,

in the range of 5° or less, and are not troublesome during the tracking

mode until one reaches a close or near field condition. 1In the near
field it is questionable whether the sound centroid and the target
itself will coincide.

Definitive studies of this problem have not been reported as
yet.

The following sections of this report will describe computer
programs that simulate the real time processor (RTP) and the fast

Fourier transform processor (FFT) algorithms and presents results of

simulation runs for various noise and signal situations.
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3.0 MODELS USED FOR SIMULATION OF THE PROCESSORS
3.1 The RTP Model

The system diagram used to model the real time processor algorithm
is illustrated in figure 2. The incoming acoustic wavefront is de-
tected by the microphone array and is filtered by the 80 to 120 Hertz
filter to eliminate as much background noise as possible. This filter
design was based upon the acoustic signature for several tanks which
were monitored by the Redstone facility during the summer of 1977.
Experimental data taken during that period was correlated with acoustic
signature data reported by other agencies and a center frequency of

100 hertz with a ¥ 20 Hertz passband was deemed to be fairly optimum,

when one considers the possible frequencies of the source and the
possible variation of those frequencies.
Figure 3 illustrates the simulated bandpass filter response

which has a time response of

h(t) = 2(BW) sinc((BW)(t-to)]1Eos(wo(t-t°)ﬂ

where BW = bandwidth of the bandpass filter

sin m 2z

and sinc z = o

The phase difference between the two microphones is measured by
using a phase locked loop (PLL) circuit. As input noise and changer
in the input. frequencies occur the phase information from the PLL

will vary. These short term errors may be averaged out to some

extent by using an algorithm for short term averaging. Such an
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algorithm has been proposed by the author and is detailed in the
following discussion.

Signals in the frequency range of 100 Hertz are low enough in
frequency to allow the phase lock loop to track minor * 20 % variations
in base frequency and phase in a time period negligible compared to
the period of thé 100 Hertz frequency (microseconds versus tens of
milliseconds). A short term average may be computed by storing the
frequency and phase difference of the incoming waveforms onice a
period for four or five periods (approximately 40- 50 ms.) and com-
puting the average of these frequencies and phase differences.

This procedure will average out the short term variations of the
input waveform to some extent. How well this procedure works may be
judged by the results for the RTP which compare very favorably with
the FFT processor. These results are described in sections 4.0 and
6.0.

Simulation of the data inputs from the microphones is accomplished
by the use of 2 1 volt peak cosine wave of 100 Hertz base frequency.
Noise is added to this data input by use of a random number generator
which is used to generate random amplitudes varying from +1 to -1.
These numbers are generated on a uniform distribution and are used as
additive noise. That is when the signal is generated and sampled for
use in the program the noise, which has been generated is discrete
steps, is added to the signal samples thereby producing a corrupted
signal. Figures 4 through 7 illustrate the signal plus noise for
various noise levels before and after filtering. The simulated

signal plus noise may be illustrated mathematically by:
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£(t + 80¢) = 1 sin 2n((100 + Af)t + A¢) + B . .
Signal frequency variation has been modeled by using a dither
frequency term, Af, added to the main signal frequency f,. Thus
fo + Af is the signal frequency used and Af may be made to vary at
any desired frequency range.
B is the random noise term and is uniformly distributed between

levels b and a. The rms value of such a distribution is given by2

(b - a)
2¢/3

when a and b are *he upper and lower limits of the noise variationms.

If the signal is a 1 volt peak sine wave then its rms value is

.707 . Correspondingly if the noise is uniformly distributed between

t 5 volts then its rms value is 2.886 and the signal to noise ratio is

smy_ = 3L = 2449757 : .245 .

For the simulation runs conducted a frequency variation of 10.24
Hertz (100 Hz to 110.24 Hz) at a 100 Hz/sec rate was used for the 0.1
second averaging RTP system. %

The output g(t), figures 5 and 7 may be found by convolution of
f(t) and h(t) through multiplication of their fourier transforms and

inverse transforming the result to obtain g(t). One must be careful,

however, to choose a proper sampling period and sampling interval so
that the result for g(t) does in fact carry the information needed to

represent g(t) in real time.

Since f(t) is composed of a periodic signal plus noise f(t) is

not completely periodic. The FFT transform however forces one to pick
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a period over which to average and the function is assumed periodic
with that period. As a result, the reproduction of g(t) by this method
may not contain the non-periodic components of g(t).

A better method of simulating g(t) would be the use of the dis-
crete convolution model. Since the bandpass filter is physically
realizable and passive, its fourier transform may be determined analy-
tically and hence its impulse response determined.

By computing g(t) through the discrete convolutional relationship

t
g(t) = ] £(K) h(t - K)
K=0

a more faithful reproduction of g(t) will be obtained. The disadvantage
of this method of simulation is the additional computation required.
For instance, it has been shown (Stockham, T. G., "High Speed Convo-
lution and Correlation," 1966 Joint Computer Conference) that for 28

samples the FFT method is faster and for 4096 camples the FFT method

is 80 times faster. But with non-periodic inputs, the FFT method does

not always produce accurate answers.

In programming the discrete convolution equation a method was
devised that has good speed and a minimum of memory required. If ome
is not careful the memory requirements can be as high as M x N, where

Mis is the number of samples of the filter function and N the number

of samples of the signal plus noise function used. For 2048 samples
of each the memory requirements would be greater than 4,194,304 words
plus associated bookkeeping memory requirements. Obviously this is
rather high (too high for most machines without resorting to time con-

suming tape storage). A method was devised that has essentially the




same computational speed and requires only M + N (4096 words for 2048
samples) plus associated bookkeeping memory requirements.

The PPL phase comparator which will be modeled is a type II digital
memory edge controlled network phase comparator. This type of phase
comparator in this application will stay in lock over the full range
of the Vco (essentially from 5 Hz to 5 KHz). Phase comparison is made
by cross referencing the two channels and using up-down counters to
derive an 8 bit digital word which will indicate the phase difference
between the two channels. The phase information is presented from a
counter in digitized form in approximately 1.41 degree increments.

Simulation of the phase lock loop is accomplished by calculation
of the frequency of the waveform coming from the filter h(t). This
determination of the frequency is found by averaging the periods of

the first six peaks in the output g(t) which is created by f(t) as the

input. This average frequency is used in the calculation of the target
angle.

The average phase shift is determined by comparing the shift of
the main four peak values of the output g(t + A¢), which is created by
the signal input f(t + A¢) as the input, relative to the main four
peaks of g(t) created by f(t). This average phase shift is also used

in calculating the target angle.

3.2 The FFT Model

The system diagram used to model the fast Fourier transform pro-
cess is illustrated in figure 8. The filter bandwidth of 50-250 Hz was
chosen so as to provide a frequency window in the frequency domain of

the signal desired. This bandwidth could be restricted to a more narrow

range; however, the system we are interested in investigating utilizes
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4 50-250 Hz bandwidth and hence the range was chosen for simu-
lations.

The frequency domain plot will contain discrete frequency points
(sometimes the nomencloture 'frequency bias' is used) and the spacing
of these points (the width of the frequency bin) is inversely pro-
portional to the period used for sampling. If a 2 second sample
period is used the frequency points are 0.5 Hz apart.

The number of samples, N, taken per period, T, determines the
sampling interval, t = T/N, which in turn relates to the width of the
frequency spectrum calculated. This relation is NT and for the two-
second sampling period of f(t) and 512 samples per period, the fast
fourier transform will yield 512 frequency terms with each term .5 Hz
wide. Thus, a frequency spectrum plot would cover from O to 256 Hz.
(In a FFT half of the terms generated are complex conjugates of the
others.)

The outputs of the fast fourier transform devices FFT1 and FFT2
are thus generated by first using discrete convolution to calculate
the functions gl(t) and gz(t), and then a discrete FFT calculation is
used to generate FFT1 and FFT2.

The outputs FFl and FFT2 are complex numbers, one for each fre-
quency bin. These complex numbers yield the amplitude of that frequency
bin and its phase angle.

The amplitude is proportional to the energy content of the signal
at this frequency. Thus if we have a strong signal energy at a specific

frequency such as 100 Hertz and a very low noise background, we would
expect to see a frequency plot that was very small except at 100 Hertz

where we would expect to see a large amplitude component. Figure 9

illustrates a frequency plot for such a signal.
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Large amplitudes in specific frequency bins are selected and the
phase angle of these terms are calculated. The phase shift of similar
frequency components is then calculated by comparing the phase angle

of a specific frequency bin for microphone 1 with the phase angle of

AT s WA A T -

the same specific frequency bin for microphone 2. The difference in
the phase angle is proportional to the phase shift in that frequency
term.

This technique is sufficient to simulate the system for these
signal data inputs to be used and to compare the same basic information
from the FFT and RTP systems. In general, however, one would refine
the information from the FFT to allow target discrimination. This may
be done as described.

The frequency bins are organized into groups by using a grouping
algorithm which applies the principle that all frequency bins originat-
ing from the same direction in space will have essentially the same

phase-difference slope. The phase-difference slope is defined as:

phase difference . A¢1
frequency fi

Phase-difference slope =

where i identifies the ith frequency bin.

The grouping is accomplished by identifying which slopes fall
within a direction window in space.

The grouping algorithm step provides two important sources of
data. It identifies the frequency lines coming from each target
detected, which permits applying judgment as to the type of target

present, as well as provides data to determine the best estimate of

the target direction.



The best estimate of target direction is computed by averaging

the phase-difference slopes making up each group.

m A¢i
Average slope per group = = z Ty
o= £y

The target azimuth is then computed using the average slope per group

and trigometric relationships.

Azimuth = 6 = arcsin slno
A cos OE
where
¢ k
a = arcsin z 7;11 Eg for the microphone pair
i
n
The subscript j refers to the target (group) number r
The subscript i refers to the frequency bin number
kl,k = speed of sound in feet per second divided by

the microphone separation in feet

fji = frequency in Hertz for frequency bin i and

target j

n = number of phase~difference slopes in the group.

Target discrimination is then provided both by the approach used and

by performing additional checks.
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4.0 RTP AND FFT SIMULATION RESULTS

The simulation of the RTP provides an insight into the possible
performance of such a system.

Table 1 illustrates the performance of the RTP for various con-
straints within the simulation programs. For this table the random
numbers used for the noise amplitude and for the algebraic sign were ;
drawn from two separate random number generators. If different random E

number generators are used for the program while everything else is

held constant, the individual results will vary but the average error

should remain essentially constant. That is to say for one set of

random numbers generating noise the angular results (for 40.0° actual
target angle) may compute to be 41.1654°, while for a second set of
random numbers the computed angle may be 38.710°. The results vary on
an individual basis about the nominal 40.0° but the errors are within
.3115% of each other.

The data in Table 1 illustrates several points. First of all,
the fastest sample rate (.00005 seconds per sample) results in target
angles that are generally closer to the actual target angle than the
slower sample rates; this would be expected. Also true is the fact
that for good results at small target angles, the faster sample rates
are necessary. In fact, the quantization error due to slow sampling
becomes prohibitive at .00025 seconds per sample time.

For the simulation areas comparing the FFT and RTP systems, the

sample rate used was .00005 seconds per sample time.
In general, the results are indicative of a system algorithm that

would be suitable for a tracker, especially for initial lockon and
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tracking. As the vehicle nears the target, an IR tracker with a
narrow field of view could be used for the terminal homing. This
would most likely be advisable since the IR tracker could provide a
faster control loop in the guidance system.

From the data of Tables 1 and 2, it is evident that small varia-
tions in the phase shift and the inverse of frequency result in signifi-
cant errors for small target angles. This is to be expected since the
angle calculation is proportional to the inverse cosine of the phase
shift and the inverse of the frequency. For small angles the cosine
function has the fastest rate of change as opposed to the larger target
angles which correspond to the slowest rate of change of the cosine
function versus the argument of the function. Another way of saying
this is to state the change of the argument of the inverse cosine
function is slowest around the 90° area (the broad peak of the function)
and quickest around the 0° area (the steepest slope), which may be
interpreted as implying that small changes in the argument of the
inverse cosine function yield proportionally larger changes in the
resulting angle calculations for arguments corresponding to very small
angles.

In any event, the results indicate (as we know to be true) that
both types of algorithms make suitable null trackecs by keeping the
target broadside (6 =90°) to the axis of the array which operates in

the most accurate region of the array.
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5.0 COMPARISON OF THE TWO PROCESSORS

The comparative results of the performance of the RTP and FFT
processor algorithms are depicted in Table 3. The data in this table
was made using a different random number generation method than that
used to generate the data of Tables 1 and 2. However, the same random
number generator was used for both the RTP and the FFT simulations of
Table 3.

In this comparative run the two algorithms were used as they would
be in an actual system. That is, the RTP system was presented with the
signal plus noise data and an answer was computed in .15 seconds
(actually the answer is computed using .08 seconds of the data emanat-
ing from the filter starting at t = 0), as opposed to the two seconds
required by the FFT system.

The same signal data and the same noise data were used for both
the RTP and the FFT calculations and the results indicate the relative
performance under essentially the same input conditions.

Good agreement is obtained for both processor algorithms although

the FFT processor is the more accurate of the two. In fact, for large

noise levels, the FFT performs much better than the RTP, which was
unable to arrive at a satisfactory answer for small target angles.
However, if both systems are around the null point, both are useable
for tracking. Another point to consider is the fact that as the
vehicle approaches the target the signal-to-noise ratio will increase
and likewise the accuracy of the processor algorithm increases in both
cases.

Table 4 illustrates the results of a simulation in which the

frequency of the incoming signal is varying. For this situation the

!
X
e
f
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FFT processor will suffer a degradation in performance that would
render it unusable for a null tracker unless a considerable addition
of software processing is added to the algorithm.

Figure 10 illustrates the spectrum which the FFT system '"thinks"
it sees when presented with a varying signal frequency. Since the FFT
uses all data over the 2.0 second interval, it "thinks" that energy
exists over the range of frequencies that the signal traverses during
this time.

By comparison the RTP system holds up well since the signal fre-
quency does not vary appreciably in the short processor time required.
For this simulation, the signal frequency was varied at a 100
Hertz per second rate for the RTP system and 27.90 Hertz per second

rate for the FFT system.

Finally, in Table 5, are simulation results of the FFT system for
a 0.5 second averaging time; which was proposed for a quicker updating
system for close-in tracking.

Results indicate degradation of the system performance with short
sample time for a constant signal frequency the results are useable
for a high signal-to-noise ratio.

The results for a single frequency that varies, however, indi-
cate that the system would not be useable since the output results are
very erratic in accuracy (in fact, almost constant angle output

regardless of target angle).
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6.0 CONCLUSIONS

Computer programs have been written that simulate real time pro-
cessing (RTP) and frequency domain (FFT) algorithms for processing
acoustic data such as that emanating from tanks. Simulation tests of
these systems have been accomplished and the results summarized in
this report.

The simulation results indicate the following points:

1. The FFT system is the most accurate under conditions for
which the signal frequency is constant.

2. The RTP system will provide a good tracking signal, especially
for target angles of 30° or more.

3. The FFT system cannot tolerate a signal with varying frequency.

4. The RTP system is capable of processing the data approximately
10 times faster than the FFT system.
It seems feasible to design an acoustic tracking algorithm that ut*lizes
a real-time processing algorithm. An RTP system holds several advantages
over an FFT system, namely:

1. It is much less expensive due primarily to the simple hard-
ware required with respect to an FFT system.

2. It is an order of magnitude faster in processing time that
the FFT system which yields a faster guidance system control loop.

3. It has the ability to process and output useable data for
signals with signal frequencies that are varying.

It is recommended that a real-time processing algorithm for
processing acoustic signals such as those emanating from a tank be

prototyped in breadboard form for evaluation in an actual environment
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under laboratory and controlled field test conditionms.

It is further recommended that software be developed that is
suitable for a microprocessor to average, categorize and perhaps
provide a "smart" tracking algorithm for the RTP. Using this soft-
ware development or tracker system using the RTP approach may be

designed for a prototype tracker breadboard development.
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APPENDIX A

The following is a computer program written in fortram for

This program

simulation of the real time processor algorith, RTP.

was run on a UNIVAC 1107 mod II system.
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